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Abstract: The detection of CA 125 protein in buffer solution with a silicon-on-insulator (SOI)-based
nanoribbon (NR) biosensor was experimentally demonstrated. In the biosensor, sensor chips, bearing
an array of 12 nanoribbons (NRs) with n-type conductance, were employed. In the course of the
analysis with the NR biosensor, the target protein was biospecifically captured onto the surface of
the NRs, which was sensitized with covalently immobilized aptamers against CA 125. Atomic force
microscopy (AFM) and mass spectrometry (MS) were employed in order to confirm the formation of
the probe–target complexes on the NR surface. Via AFM and MS, the formation of aptamer–antigen
complexes on the surface of SOI substrates with covalently immobilized aptamers against CA 125
was revealed, thus confirming the efficient immobilization of the aptamers onto the SOI surface. The
biosensor signal, resulting from the biospecific interaction between CA 125 and the NR-immobilized
aptamer probes, was shown to increase with an increase in the target protein concentration. The
minimum detectable CA 125 concentration was as low as 1.5× 10−17 M. Moreover, with the biosensor
proposed herein, the detection of CA 125 in the plasma of ovarian cancer patients was demonstrated.

Keywords: ovarian cancer; nanoribbon biosensor; silicon-on-insulator; CA 125; aptamers; sur-
face functionalization

1. Introduction

The effectiveness of cancer therapy depends on the stage at which the disease is
revealed; timely revelation of cancer facilitates the treatment and improves its effective-
ness [1,2]. This is why early revelation of target cancer-associated biomarkers is required.
The blood concentration of the majority of proteins, including the known disease markers,
is low (<10−13 M) [3]. Particularly, Rissin et al. emphasized that at an early stage of cancer
in humans, the blood concentration of cancer-associated marker molecules is at femtomolar
(10−15 M) levels [1]. At the same time, the sensitivity of methods commonly employed in
modern clinical practice—such as enzyme-linked immunosorbent assay (ELISA)-based
approaches—is much lower, only allowing the achievement of 10−12 M to 10−7 M detection
limits [1]. Another disadvantage of these methods consists of the use of additional labels
(such as enzymatic or fluorescent ones).
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Biosensor-based detection represents an approach commonly used for the charac-
terization of intermolecular interactions [4], which is applied for biomarker detection [5].
The use of biosensors with sensor elements of nanometer size—such as nanowires and
nanoribbons—opens new horizons in biomedical research. These biosensors allow one to
perform direct label-free detection of various targets—such as viral particles [6] and biolog-
ical macromolecules (proteins [7–13] and nucleic acids [14–19])—in real time, attaining low
(<1 fM, i.e., <10−15 M) concentration detection limits [20]. The principle of operation of
these biosensors consists of recording a modulation of an electric current, flowing through
the sensor elements, in the course of binding of target particles (i.e., macromolecules or viral
particles of interest) to their surface. The surface-bound molecules play the role of a virtual
gate, while the sensor structure itself represents a field-effect transistor (FET) of nanometer
size [21]. Since the sensor elements are characterized by a high surface-to-volume ratio [22],
a very high sensitivity of the nanoribbon (NR)-based devices towards the target particles
is achieved. In theory, the detection limit of a single target particle per individual sensor
element is attainable [14]. For viral particles, the single-particle sensitivity of a nanowire
biosensor was experimentally demonstrated by Patolsky et al. [6]. For biological macro-
molecules, femtomolar and even sub-femtomolar detection limits were attained for nucleic
acids [15,23] and for proteins [11,20], respectively. In this way, the data reported in the
literature clearly demonstrate that nanoribbon biosensors represent very attractive tools
for highly sensitive biomarker detection in both research and clinical practice.

Biological molecules are known to express their function through interactions with
other molecules [4]. Hence, in a biosensor device intended for clinical applications, biospe-
cific detection of target molecules should be provided. For this purpose, the surface of
the sensor elements is functionalized with molecular probes, which are able to selectively
bind the target molecules [24]. Sometimes, the sensor chip represents a surface bearing
molecular probes against only one target molecule [25]. For clinical applications, however,
multiplexed detection is required in order to provide simultaneous detection of several
different biomarkers in one sample [7,26]. In the latter case, the single sensor chip contains
an array of multiple sensor elements, and each sensor element is sensitized with molecular
probes against one distinct target; this is another advantage of nanowire and nanoribbon
biosensors [7,8,26].

For the sensitization of the sensor elements, aptamers [11,13] and antibodies [5,8,12]
are commonly employed. The time stability and chemical resistance of antibodies are poor,
while their production cost is high. In contrast, aptamers, which represent single-stranded
DNA or RNA oligonucleotides capable of biospecific binding with target molecules, are
characterized by higher chemical and time stability [27,28] and relatively low production
costs, thus being devoid of the disadvantages typical of antibodies.

Ovarian cancer ranks fifth in cancer deaths among women, being the cause of more
deaths than any other cancer of the female reproductive system. A woman’s risk of getting
ovarian cancer during her lifetime is about 1 in 78 [29]. In terms of one-year survival
rate, 98% of patients diagnosed at stage I survive their disease—compared with 53.8%
of patients diagnosed at stage IV [30]. This clearly indicates why the early diagnosis of
ovarian cancer represents an urgent problem in medicine. The discovery of carbohydrate
antigen 125 (CA 125) has become a key step on the path towards the non-invasive diagnosis
and monitoring of ovarian cancer. CA 125 represents a glycoprotein epitope of a high-
molecular-weight mucin [31]. Since CA 125 was suggested as a marker of ovarian cancer
in 1983, this protein represents a benchmark for monitoring ovarian cancer patients [32].

Biosensor-based detection of CA 125 has recently been reported in a number of
papers. Hence, Szymanska et al. [33] developed a surface plasmon resonance imaging
(SPRI) biosensor for the label-free detection of CA 125 in human serum; in this biosensor,
polyclonal antibodies against CA 125 were employed as molecular probes; however, no
real-time measurements were reported in this paper [33]. Mandal et al. [34] reported the
fabrication of an electrochemical (carbon nanotubes)-based biosensor, in which monoclonal
antibodies against CA 125 were utilized as molecular probes; the authors, however, per-
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formed their experiments at a rather high (560 µg/mL) concentration of CA 125. Attia
et al. [35] developed a luminescence-based assay for the detection of CA 125 in serum; in
this assay, acridinium-ester-labeled monoclonal antibodies were employed as molecular
probes, and fluorescein-labeled monoclonal antibodies were used as secondary antibodies—
that is, additional labels were employed. Petrova et al. [36] developed an interesting
photonic-crystal-based biosensor for the multiplexed, label-free, real-time detection of
CA 125 and two breast cancer markers (human epidermal growth factor receptor 2 and
cancer antigen 15-3). Monoclonal antibodies against the target biomarkers were used as
probe molecules [36]. It should be emphasized that, in contrast to aptamers, antibodies are
quite expensive, while exhibiting poorer chemical and time stability, thus leading to the
high cost of the assay.

In the present study, a nanoribbon biosensor (NR biosensor) was employed for the
detection of CA 125 in buffer solution. The sensor chip, bearing an array of 12 sepa-
rate nanoribbons, was fabricated on the basis of “silicon-on-insulator” (SOI) structures
of n-type conductance. SOI structures represent precisely engineered multilayer semi-
conductor/dielectric structures, and the technology of fabrication of nanoribbon sensors,
based on these structures, was reported by Naumova et al. [37]; the use of this type of
structure in advanced silicon devices is promising. SOI structures are fabricated using
a complementary metal–oxide–semiconductor (CMOS)-compatible technology [37]. The
latter makes our technology of sensor chip fabrication very convenient, since it allows
for production scaling and for integration of the NRs with additional electronic circuitry
intended for signal processing [37]. The surface of individual NRs was sensitized with
aptamers against CA 125, which were used as molecular probes. Atomic force microscopy
(AFM) and mass spectrometry (MS) were employed in order to confirm the efficiency of
the technique used for the sensitization of the NRs. Such an approach was shown to be an
efficient tool in studying antibody–antigen [38] and aptamer–antigen [39,40] complexes
on the surface of solid substrates sensitized with molecular probes. Since immobilized
aptamers are barely distinguishable on the AFM substrate surface, the efficiency of the
sensitization of the substrate surface with aptamers is estimated after the formation of
aptamer–antigen complexes on it [39]. Via AFM and MS, the successful formation of
aptamer–antigen complexes on the surface of SOI substrates with covalently immobilized
aptamers against CA 125 was revealed. This fact confirms the sufficient efficiency of the
NR sensitization technique employed. By using the NR biosensor with aptamer-sensitized
sensor elements, successful detection of CA 125 at ultralow concentrations was demon-
strated, and the CA 125 concentration detection limit was as low as 20 aM (2 × 10−17 M).
This value is an order of magnitude lower than that obtained with the use of antibodies
against CA 125 as molecular probes [12]. Successful use of the SOI-based NR sensor chips
for the revelation of CA 125 in plasma of ovarian cancer patients was been demonstrated.
This indicates that the NR biosensor represents a promising tool for clinical applications.

2. Materials and Methods
2.1. Chemicals

The following chemicals were used in our experiments: 3,3′-dithiobis (sulfosuccin-
imidyl propionate) (DTSSP crosslinker) (Pierce, Waltham, MA, USA); potassium phosphate
monobasic (KH2PO4, Sigma-Aldrich, St. Louis, MO, USA); (3-aminopropyl)triethoxysilane
(APTES, Sigma-Aldrich, USA); methanol (CH3OH, Sigma, St. Louis, MO, USA); hydrofluo-
ric acid (HF; Reakhim, Moscow, Russia); ethanol (C2H5OH; Reakhim, Russia); acetonitrile
(Fischer Scientific, Waltham, MA, USA); isopropanol (Acros Organics, Geel, Belgium);
ammonium bicarbonate (Sigma-Aldrich, St. Louis, MO, USA); trifluoroacetic acid (TFA;
Sigma-Aldrich, St. Louis, MO, USA); α-cyano-4-hydroxycinnamic acid (HCCA; Sigma-
Aldrich, St. Louis, MO, USA); and porcine trypsin (Promega Corp., Madison, WI, USA).
ZipTip C18 tips were obtained from Millipore Corporation (Billerica, MA, USA). In all
experiments, deionized ultrapure water, obtained via a Simplicity UV system (Millipore,
Molsheim, France), was used.
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2.2. Protein and Aptamers

Aptamers against CA 125 (Cat. No. ATW0055) and γ-synuclein (Cat. No. ATW0048)
were purchased from Base Pair Biotechnologies, Inc. (Pearland, TX, USA) (https://www.ba
sepairbio.com/ (accessed on 10 July 2021)). Both of the aptamers comprised 70 nucleotides
(including primer regions), bearing a C12 linker with an amine group.

Recombinant CA 125 protein (molecular weight 110 kDa; 1 µM (10−6 M) stock solution
in potassium phosphate buffer) was purchased from R&D Systems (Minneapolis, MN, USA).

2.3. Sensor Chip Fabrication

The process of fabrication of the nanoribbon sensor chips, along with their charac-
teristics, is described in detail in our previous paper [12]. Briefly, the sensor chips of
n-type conductance were fabricated on the basis of SOI structures using CMOS-compatible
technology. The thickness of the cut-off silicon layer and the buried oxide (BOX) layer was
32 nm and 300 nm, respectively. The NR sensor elements were 3 µm wide, while their
thickness and their length were t = 32 nm and l = 10 µm, respectively. Figure 1 displays a
schematic representation and an optical image of the NR sensor chip, and an AFM image
of a single NR sensor element.
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Figure 1. Schematic representation of an NR sensor chip (a); photographic image of an NR chip assembly (b); AFM image
of an individual NR sensor. Arrows indicate the dimensions of the sensor (c).

The number of individual NRs on the chip crystal was 12. The NR biosensor setup is
described in detail in our previous paper [12].

2.4. Chemical Modification of the Surface of the Nanoribbon Sensor Chip

The surface of the NR sensor chip was treated similarly to the procedure described
in our previous paper [12]. Firstly, the chip surface was treated with isopropanol in order
to cleanse it of organic contaminants. Secondly, the natural oxide was removed from the
clean surface with HF and CH3OH. The chip was then treated with glow discharge plasma
in order to form hydroxyl groups on the sensor surface. After such a treatment, the chip
surface was subjected to vapor-phase silanization with APTES [12].

2.5. Covalent Immobilization of Aptamer Molecular Probes onto the NR Surface

The surface of the working NRs was sensitized via covalent immobilization of ap-
tamers against CA 125. In order to account for the non-specific binding, a pair of NRs
on the same NR sensor chip was sensitized with aptamers against γ-synuclein (70 nt).
The immobilization of the aptamers onto the silanized surface of the individual NRs was
carried out in the following manner: Firstly, the APTES-silanized surface of the NR sensor
chip was activated with DTSSP crosslinker, as described in our previous papers [11,13].
Secondly, in order to immobilize the aptamers onto the surface of the individual NRs,
~2-nL microdrops of 1-µM solutions of the aptamers in 50-mM potassium phosphate buffer
(pH 7.4) were precisely dispensed onto the DTSSP-activated surface of the individual
NRs, employing an iONE-600 spotter equipped with a PDMD non-contact microdispenser
(M2-Automation, Berlin, Germany; the spotter pertains to the equipment of the “Human
Proteome” Core Facility of the Institute of Biomedical Chemistry, supported by Ministry of
Education and Science of Russian Federation, Agreement 14.621.21.0017, unique project ID:

https://www.basepairbio.com/
https://www.basepairbio.com/
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RFMEFI62117X0017). Figure 2 displays optical images of the microdrops of the aptamer
solutions dispensed onto the NRs’ surface.
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Figure 2. Optical images of the microdrops of aptamer solutions, dispensed onto the surface of
individual 3-µm-wide NRs No. 1, No. 4 (a), and No. 6 (b). The images were obtained via the built-in
color CCD camera of the iONE-600 spotter.

The microdrops were incubated on the NR sensor chip surface for 30 min at 20 ◦C and
80% RH, before being washed away with ultrapure water and dried in nitrogen flow.

2.6. Preparation of CA 125 Solutions in Buffer

CA 125 solutions with concentrations ranging from 1 aM to 1 fM were prepared
from the initial 1-µM stock solution in 50-mM KP buffer (pH 7.4) via sequential tenfold
dilution with 1-mM KP buffer (pH 7.4), as described in our previous paper [12], and used
in biosensor experiments immediately after preparation.

2.7. AFM Visualization of Aptamer–Target Complexes on the SOI Surface

In order to confirm the efficiency of the sensitization technique developed, atomic
force microscopy (AFM) was employed. For this purpose, silicon-on-insulator (SOI) wafers,
whose material was identical to that used for the fabrication of the NR sensor chips, were
employed as AFM substrates. The procedures of chemical modification and sensitization of
the SOI AFM substrates’ surface were the same as those used in the case of the NR sensor
chips. The SOI AFM substrates with immobilized aptamers against CA 125 were incu-
bated in 10-nM solution of CA 125 in 1-mM KP buffer (pH 7.4). Atomic force microscopy
(AFM) images of the surface of the APTES-silanized SOI AFM substrates were obtained
using a Dimension FastScan Bio™ atomic force microscope (Bruker, Billerica, MA, USA;
the microscope pertains to the equipment of the “Human Proteome” Core Facility of the
Institute of Biomedical Chemistry, supported by Ministry of Education and Science of
Russian Federation, Agreement 14.621.21.0017, unique project ID: RFMEFI62117X0017)
in semi-contact mode using ScanAsyst® technology. The microscope was equipped with
FastScan-B cantilevers (1.8 N/m, tip curvature radius 5 nm). The size of the AFM scans
was 2 µm × 2 µm, the scan resolution was 256 × 256 points, and the scanning frequency
was 1 Hz. In each experiment, no less than 15 scans were obtained, and each experiment
was repeated at least three times. The images were recorded using NanoScope 9.4 soft-
ware (Bruker, Billerica, MA, USA). The treatment of AFM images (flattening correction
and digitization for further processing of the AFM data) was performed using standard
NanoScope Analysis 1.9 software (Bruker, Billerica, MA, USA). The processing of AFM
data was performed using specialized AFM data-processing software developed at the
Institute of Biomedical Chemistry.
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2.8. Proteolysis on the Surface of SOI Wafers

Trypsinolysis of protein objects, biospecifically captured onto the surface of the
aptamer-sensitized SOI AFM substrates, was performed directly in the incubation so-
lution, into which the SOI plates were placed. The incubation solution included 1.75 µL of
0.1-µM modified trypsin in 400-µM (pH 7.4) bicarbonate buffer. After a 20-h incubation,
the solution was concentrated using a high-speed vacuum concentrator (5301 Vacufuge
Concentrator, Eppendorf, Hamburg, Germany), and then deionized water was added to
the solution. The thus-obtained mixture, containing peptide fragments, was desalted using
ZipTip C18 tips (Millipore, Temecula, CA, USA) according to the manufacturer’s protocol,
provided with an Autoflex III time-of-flight (TOF) mass spectrometer [41].

2.9. MALDI-TOF-MS Analysis

Mass spectrometry identification of protein objects, captured onto the linebreakaptamer-
functionalized SOI AFM substrates, was performed using an Autoflex III TOF mass spec-
trometer (Bruker, Karlsruhe, Germany) equipped with a 337-nm N2 laser. The mass
spectrometer was calibrated as described in detail in the previous papers [41,42]. Upon
analysis of the mass spectra obtained, peaks resulting from the matrix, along with trypsin
autolysis peaks, were excluded. Mass spectrum accumulation was performed in automatic
mode until the sample dispensed onto the target was exhausted. Typically, ~10,000 shots
were made.

Processing of the thus-obtained mass spectra was performed using flexAnalysis
2.0 software (Bruker, Karlsruhe, Germany). For the protein identification, the Mascot
proteomic search engine (http://www.matrixscience.com (accessed on 10 June 2021)) and
SwissProt protein sequencing data library were employed [41–43]. The identification was
performed by selecting the following search options: (1) taxonomic group: human or
eukaryotes; (2) number of missed sites of hydrolysis: two; (3) acceptable measurement ac-
curacy of monoisotopic masses: <150 ppm; (4) possible modification: methionine oxidation.
To be considered in the analysis, a mass spectrometric peak should have a signal-to-noise
(S/N) ratio of at least two.

2.10. Plasma Samples

The plasma samples studied in our experiments were prepared as follows: Blood
samples were obtained either from the patients before treatment, or from the healthy
volunteers on an empty stomach. The blood was taken from the cubital vein directly into
S-Monovett vacutainers (Sarstedt, Germany) containing 3.8% sodium citrate anticoagulant,
and then subjected to a 6-min centrifugation at 3000 rpm (at room temperature). The
thus-separated plasma was divided into 500 µL aliquots collected into separate sterile dry
test tubes, which were frozen to −70 ◦C and stored until their use in the experiments.

Prior to the experiments, each plasma sample was thawed and then diluted 2000-fold
with 1-mM potassium phosphate buffer (pH 7.4). The clinical and morphological character-
istics of the plasma samples used in the experiments are listed in Table 1.

Table 1. Clinical and morphological characteristics of the plasma samples.

Plasma Sample No. Age Sex Pathology TNM Stage

1 53 F Healthy volunteer –
2 18 F Healthy volunteer –

60 67 F Serous moderate ovarian tumor T1ANXM0
67 63 F Serous papillary adenocarcinoma (cyst adenocarcinoma) T3cNXM1

2.11. Electrical Biosensor Measurements

Electrical measurements with the NR biosensor were performed according to the
technique (and using the setup) reported previously [12]. In the experiments on the
detection of CA 125 in a purified buffer solution, a 150-µL volume of the CA 125 solution

http://www.matrixscience.com
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to be analyzed (in 1-mM KP buffer, pH 7.4) was added to 300 µL of the same pure buffer
in the measuring cell. In the experiments on the detection of CA 125 in plasma samples,
a 7-µL volume of the plasma sample in 1-mM KP buffer (pH 7.4) was added to 100 µL
of pure buffer in the cell. During the biosensor measurements, time dependencies of the
drain–source current (Ids(t) dependencies) were recorded at a gate voltage of Vg = +50 V,
and a drain–source voltage of Vds = 0.2 V. In order to account for the non-specific binding of
the target protein to the sensor surface, two control NRs, located on the same sensor chip,
were sensitized with aptamers against γ-synuclein instead of aptamers against the target
CA 125 protein. The signal received from the control NRs was used for the calculation of
the differential signal, which was recorded in the form of signal vs. time dependencies
and presented graphically in the form of sensogram curves. These curves were recorded in
real time, before and after the addition of the analyzed samples to the measuring cell of
the biosensor.

3. Results
3.1. Confirmation of the Formation of Probe–Target Complexes on the SOI Surface via AFM
and MS

The surface of the NRs was sensitized by means of covalent immobilization of ap-
tamers against the target CA 125 protein, as described in Section 2.5. Individual NRs were
sensitized via the precise dispensing of nanoliter microdrops of solution of the aptamers
onto their surface. Figure 2 shows that the microdrops did not merge, thus confirming the
formation of individual sensor areas, with different aptamers immobilized in each area.

The efficiency of the sensitization technique employed was confirmed via AFM and
MS, with the use of SOI wafers as AFM substrates, as described in Section 2. Figure 3a
displays a typical AFM image of the SOI substrate surface obtained after its sensitization
with aptamers against CA 125.
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The AFM image in Figure 3a indicates that the roughness of the APTES-silanized SOI
substrate surface did not exceed 1.2 nm. At that, the number of objects with height greater
than 1.0 nm amounted to ~200 per 400 µm2 area. The latter did not exceed the noise value
characteristic of highly sensitive AFM-based protein detection, which makes up 500 objects
per 400 µm2 [44].

A typical AFM image of the aptamer-sensitized SOI substrate surface, obtained after
its incubation in the 10-nM CA 125 solution, is shown in Figure 3b. This AFM image
indicates that objects with heights of up to 4 nm were visualized on the substrate surface
with immobilized aptamers after its incubation in the CA 125 solution. These objects
have been attributed to aptamer–antigen complexes, since complexes of gp120 (whose
molecular weight is 110 kDa, i.e., close to that of CA 125) with immobilized aptamers were
demonstrated to have similar heights [39].

After that, mass spectrometry analysis (MS analysis) was carried out in order to
identify the molecules captured onto the surface of the SOI substrates. Figure 4 displays
typical MALDI mass spectra of objects captured onto the SOI substrate surface after its
incubation in 10-nM CA 125 solution. As a result of analysis of the mass spectra obtained,
60 peaks and 42 peaks, attributed to CA 125, were identified on SOI substrates No. 1 and
No. 2, respectively (see Figure 4); furthermore, 3 peaks were attributed to the trypsin
autolysis, and 14 peaks were attributed to keratin 1 of the human epidermis (AC UniProt
P08779 and P13645, respectively). Thus, the MS analysis confirmed the efficiency of the
SOI surface sensitization technique developed.
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3.2. Detection of CA 125 in Potassium Phosphate Buffer

Figure 5a displays typical sensograms recorded before and after the addition of CA 125
solutions to the measuring cell. The curves shown in Figure 5a indicate an increase in the
signal from the NRs with immobilized aptamers after the addition of CA 125 solutions. This
increase in the biosensor signal occurs at the expense of a biospecific interaction between
the target CA 125 molecules with the nanoribbon-immobilized aptamer probes. Moreover,
a decrease in the biosensor signal with the decrease in the target protein concentration from
1 fM to 10 aM was also observed. As can be seen from the curves presented, the target
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protein was detectable even at 22-aM concentration. Furthermore, substituting the CA 125
solution in the cell with a fresh, protein-free buffer induced a dissociation of the complexes
formed by nanoribbon-immobilized aptamers and the target protein, thus leading to a
decrease in the biosensor signal level. Accordingly, repeated use of the aptamer-sensitized
nanoribbon sensor chips for the detection of CA 125 is possible.
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Figure 5. Typical sensogram curves obtained upon the detection of CA 125 protein in buffer solution at various concen-
trations of the target protein, using n-type nanoribbon sensor chips with covalently immobilized aptamers (a). Typical
sensogram curve, obtained upon the analysis of protein-free solution (b). Experimental conditions: 1-mM potassium
phosphate (KP) buffer, pH 7.4, Vg = +50 V; Vd s = 0.2 V. The total volume of the solution in the cell was 450 µL. Arrows
indicate addition of the CA 125 solution (with concentrations from 2 aM to 2 fM, as indicated in (a)) and washing with pure
protein-free KP buffer.

The blank experiments were performed in order to find out whether there is an
influence on the biosensor signal from the addition of pure buffer solution. Figure 5b
displays a typical curve obtained upon the addition of pure protein-free 1-mM potassium
phosphate working buffer instead of CA 125 solution. This curve clearly indicates the
absence of any significant change in the biosensor signal in this case. The biosensor
response signal, registered in the blank experiments, was no greater than 2% of the baseline
signal level. The results obtained indicate a biospecific interaction between the nanoribbon-
immobilized aptamer probes and the target CA 125 protein molecules, which were captured
from the analyzed solutions onto the sensor surface.

Figure 6 displays the dependence of the level of the biosensor signal on the concentra-
tion of the target CA 125 protein. This dependence was plotted based on all of the data
obtained in all of our experiments on the detection of CA 125 in buffer solution.
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Figure 6. Dependence of the level of the biosensor signal on the concentration of CA 125 in buffer,
obtained using nanoribbons of n-type conductance, sensitized with covalently immobilized aptamers.
The number of technical replicates was n = 3. Circles (•) and squares (�) indicate the average value
of the signal level before and after the addition of the CA 125 solution, respectively.
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The dependence shown in Figure 6 indicates that at 22 fM and higher concentrations
of the target protein, no difference between the signals from the control NRs and working
NRs was observed. This can occur due to a high degree of non-specific binding of the
target protein to the control NR surface. A large number of surface-bound molecules can
cause aggregation of the target protein on the surface, thus leading to a change in the
physicochemical characteristics of the (target protein)–(sensor surface) interaction. For
instance, the efficiency of the protein adsorption onto the surface of the control NR can alter.

3.3. Detection of CA 125 in Plasma Samples

These experiments were performed in order to determine whether our NR biosensor
is applicable for the detection of CA 125 in plasma samples obtained from ovarian cancer
patients. Plasma from a healthy volunteer was used as a control sample. Figure 7 displays
typical sensograms obtained upon the detection of CA 125 in these plasma samples.
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Figure 7. Results obtained upon the analysis of 10 plasma samples for the presence of CA 125 with
the NR biosensor. The plasma samples were obtained from healthy volunteers (control samples; black
and blue curves) and from ovarian cancer patients (sample # 60, red curve; sample #67, green curve).
Experimental conditions: 1-mM potassium phosphate (KP) buffer, pH 7.4; Vg = +50 V; Vds = 0.2 V.
The total volume of the solution in the cell was 107 µL. Arrows indicate the addition of the analyzed
plasma samples and washing with pure protein-free KP buffer.

The curves displayed in Figure 7 indicate a significant change in the level of the NR
biosensor signal after the addition of the sample of ovarian cancer patients (red and green
curves). This is in contrast to the case of the control samples of healthy volunteers (black
and blue curves), where virtually no change in the biosensor signal was registered. It is
interesting to note that the level of the signal obtained upon the analysis of sample #67
(serous papillary adenocarcinoma, TNM stage T3cNXM1)—of a patient with a more serious
tumor stage—is considerably higher than that in the case of sample #60 (serous moderate
ovarian tumor, TNM stage T1ANXM0). This indicates that the more serious the tumor
stage is, the higher is the level of the biosensor signal.

4. Discussion

The results obtained in our study indicate that nanoribbon-immobilized aptamers re-
tain their affinity, thus allowing for the biospecific capture of the target CA 125 protein onto
the nanoribbon surface. Once again, important advantages of using aptamers in biosen-
sors include their small size [42], high time stability, and high chemical resistance [27,28].
These advantages have allowed us to attain a concentration limit of CA 125 detection an
order of magnitude lower —in comparison with that attained with using antibodies as
nanoribbon-immobilized molecular probes [12]. In our experiments reported herein, the
lowest detectable concentration of the target CA 125 protein amounted to 22 aM (which is
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equal to 0.033 pg/mL), while in the case of the antibody-functionalized sensor chips this
concentration was as high as 150 fM [12].

In biosensors intended for the biospecific detection of target molecules, the sensor
surface is sensitized with molecular probes against the target molecules. For instance,
antibodies are widely employed for the detection of antigens [5–8,12]. It should be empha-
sized that upon dispensing the nanoliter drops of solution of molecular probes onto the
nanoribbon sensor chip surface during the sensitization of individual nanoribbons (see
Section 2.5), the area of the resulting spot is considerably larger than that of the nanoribbon
itself. Due to this fact, the number of target molecules that are biospecifically captured
directly onto the nanoribbon surface at femtomolar concentrations can be small, and their
detection can thus be difficult. Nevertheless, in a number of papers, successful detection
of biological molecules at such low concentrations is reported, thus indicating that it is
relatively easy to attain such a low detection limit with a nanoribbon biosensor. We assume
that this phenomenon is explained by a cooperative effect, which is caused by the formation
of a network of bonds through a hydration shell within the near-surface layer. This network
apparently participates in the transfer of charge from the point of complex formation to the
nanoribbon surface.

The difference between the signals obtained for the samples of ovarian cancer patients
and those obtained for the samples of healthy volunteers indicates the applicability of
our biosensor for the detection of CA 125 in plasma. Thus, the NR biosensor allows
one to perform label-free detection of target protein molecules in real time, without their
additional amplification. In the future, the approach proposed herein can be used in clinical
practice for the diagnosis of oncological pathologies in humans.

5. Conclusions

Herein, the highly sensitive detection of a cancer-associated protein marker—carbohydrate
antigen CA 125—was performed in a buffer solution at pH 7.4 with the use of a nanoribbon
(NR) biosensor. Sensor chips, based on “silicon-on-insulator” (SOI) structures of n-type
conductance, fabricated using top-down CMOS-compatible technology, were employed.
The surface of the NR sensors was sensitized with aptamers against the target protein.
Via AFM, successful formation of 4-nm-high aptamer–antigen complexes was revealed
on the surface of SOI substrates with immobilized aptamers against CA 125 after their
incubation in 10-nM CA 125 solution. Protein components of macromolecular complexes
were subsequently identified via MALDI-TOF-MS. Almost all of the identified peaks relate
to the target CA 125 protein. These results confirm the sufficient efficiency of the aptamer
immobilization technique employed for the SOI NR sensitization. The use of aptamer-
sensitized NR sensor chips allowed us to experimentally attain the concentration limit of
CA 125 detection at the level of 10 aM, which is an order of magnitude lower than that
in the case of using anti-CA 125 antibodies as nanoribbon-immobilized molecular probes.
The results reported indicate that the NR biosensor represents a promising tool for the
revelation of ovarian cancer. Moreover, since in our NR biosensor a sensor chip bearing an
array of 12 nanoribbons is utilized, its application will allow one to perform multiplexed
detection of a number of biomarkers in a single sample.
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